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The use of embryonic stem cell (ESC) differentiation
to generate functional hepatic or pancreatic progen-
itors and as a tool for developmental biology is lim-
ited by an inability to isolate in vitro equivalents of
regionally specified anterior definitive endoderm
(ADE). To address this, we devised a strategy using
a fluorescent reporter gene under the transcriptional
control of the anterior endoderm marker Hex along-
side the definitive mesendoderm marker Cxcr4. Iso-
lation of Hex+Cxcr4+ differentiating ESCs yielded
a population expressing ADE markers that both can
be expanded and is competent to undergo differenti-
ation toward liver and pancreatic fates. Hex reporter
ESCs were also used to define conditions for ADE
specification in serum-free adherent culture and re-
vealed an unexpected role for FGF signaling in the
generation of ADE. Our findings in definedmonolayer
differentiation suggest FGF signaling is an important
regulator of early anterior mesendoderm differentia-
tion rather than merely a mediator of morphogenetic
movement.
INTRODUCTION
Embryonic stem cells (ESCs) hold tremendous promise as both
a source of functional differentiated cell types for regenerative
medicine and as an in vitro system for the study of developmen-
tal biology. Successful differentiation of ESCs to neural, hemato-
poietic, and epidermal cell types involves a progression through
intermediate progenitor states prior to terminal differentiation
(Bagutti et al., 1996; Conti et al., 2005; Nishikawa et al., 1998).
It is likely that successful differentiation of endodermal lineages
from ESCs will also depend on efficiently recapitulating the
stepwise progression that occurs during normal embryogenesis.
The anterior definitive endoderm (ADE) originates in the prim-
itive streak, and these cells migrate anteriorly during embryogen-
esis and have an important role in patterning the anterior neural
axis (Lu et al., 2001). Later, during gut tube formation, they
migrate ventrally to form the ventral foregut, which contains a
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(Deutsch et al., 2001).
Mesendodermal cell populations have been generated from
ESCs for the production of ventral foregut derivatives (D’Amour
et al., 2005, 2006; Gadue et al., 2006; Kubo et al., 2004; Tada
et al., 2005; Yasunaga et al., 2005). In mouse, this has relied
on reporter ESC lines that contain a marker under the control
of panmesendodermal or axial mesendodermal promoters.
These cannot be used to identify positionally specified popula-
tions such as the ADE. Previous attempts to generate special-
ized endodermal cell types from mixed mesendodermal cultures
have proved inefficient and may not reflect the normal develop-
mental process. For example, cultures from differentiated ESCs
expressing high levels of the panmesendodermal markers Foxa2
and Brachyury have been used to produce hepatocytes. These
differentiated hepatoblast-like cells express AFP but reduced
levels of albumin (Gouon-Evans et al., 2006). Encouraging as
these studies are, they failed to identify a defined positional
intermediate with an appropriate in vivo correlate, and as a result
these cells may have arisen via a nonphysiological route of differ-
entiation. The generation and purification of this intermediate,
in vitro-derived ADE, would be predicted to better recapitulate
in vivo differentiation and afford opportunities for mechanistic
dissection of downstream differentiation.
Hex is a homeobox-containing transcriptional repressor that is
one of the earliest markers of ADE and has also been shown to
suppress more posterior, panmesodermal identities (Brickman
et al., 2000; Thomas et al., 1998; Zamparini et al., 2006). In addi-
tion to its expression in the ADE, Hex is expressed in the extra-
embryonic visceral endoderm, in an early patterning center
known as the anterior visceral endoderm (AVE) (Thomas et al.,
1998). Cxcr4 is a cell surface marker expressed in early embry-
onic mesoderm and endoderm, but not the AVE (McGrath
et al., 1999; Yasunaga et al., 2005). Using Hex in conjunction
with Cxcr4, we have developed a novel strategy for the induction
and isolation of ADE cells from differentiating ESC cultures. Sig-
nificant numbers of ADE cells could be induced and isolated, and
using our optimized protocols we show that ADE cells have an
enhanced capacity to further differentiate toward pancreatic
and hepatic progenitors. Moreover, we were able to establish
defined conditions in which these cells could be expanded while
retaining their capacity to differentiate. This study represents the
first report of the generation and isolation of endoderm with
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duction of ADE cells in culture has enabled us to define require-
ments for activin and BMP signaling and suggests a role for FGF
signaling in the induction or propagation of the anteriormost
mesendoderm.
RESULTS
Generation of Hex Reporter ESCs
We created ESC lines containing the marker gene RedStar (RS)
(Knop et al., 2002) under the control of the Hex locus (Figures 1A
and 1B). These cells allowed us to monitor the emergence of
newly formed ADE cells during in vitro differentiation. Two inde-
pendent clones with normal karotype, HexRedStar (HexRS) 1 and
2, were selected for further analysis.
To confirm that expression of RS protein accurately reflects
endogenous Hex expression, HexRS1 ESCs were used to gener-
ate a HexRS mouse line. Embryos from HexRS/+ intercrosses are
shown in Figure 1C. Red fluorescence was detected in the ADE,
foregut as well as the liver and thyroid primordia, reflecting the
expression of endogenous Hex protein as reported by Thomas
et al. (1998). Weak expression was also observed in the interso-
mitic vessels, endocardium of the heart, and aspects of the
dorsal aorta reflecting endogenous Hex expression in hemato-
poietic/endothelial precursors. Consistent with the previously
described phenotype (Martinez Barbera et al., 2000), no live
HexRS/RS mice were born (see Table S1 available online), and
HexRS/RS embryos appear to recapitulate the Hex null phenotype
(Figure 1C). Importantly, no phenotype was detected in HexRS/+
embryos or mice (Figure 1C, Table S1), indicating that any re-
Figure 1. RS Protein Recapitulates Endoge-
nous Hex Expression
(A) Schematic representation of the strategy used
for the insertion of the RS coding sequence into
the Hex locus.
(B) Southern blot indicating the correct insertion of
the RS cassette into the Hex allele (9 kb band).
Targeting frequency, 40%.
(C) The HexRS mouse line recapitulates Hex
expression and phenotype. (Top panel) HexRS/+
embryos at E8, E8.5, and E9.5. RS expression is
visible at E8 in the ADE, at E8.5 in the ventral
foregut (black arrow), and at E9.5 in the thryoid
and liver primordial (white arrowheads). (Lower
panel) HexRS homozygous mutant embryos and
HexRS/+ littermates at E9.5 and E15.
duced Hex dosage in heterozygous cells
will not impact on the ability of the cells
to form ADE cells in vitro.
Expression of the HexRedStar
Reporter during ESC
Differentiation
The secreted TGF-b ligand activin has
previously been shown to induce mesen-
doderm inXenopus animal cap assays (re-
viewed in Okabayashi and Asashima,
2003) and ESCs in culture (Kubo et al.,
2004; Tada et al., 2005). To test the ability of activin to induce
HexRS expression, ESCs were differentiated in a two-step aggre-
gation culture system inserum-containing media for 48 hr followed
by serum-free media supplemented with activin for 5 days. Under
these conditions, 6.8%–8.6% of cells were RS positive (RS+) at
day7 (Figure2A). RT-PCRanalysisonpurifiedRS+ cellpopulations
revealed they expressed Sox17, Cer1, E-cadherin, and Gata4,
indicating these cells have an endoderm identity (Figure 2B).
Hex is also expressed in mesodermal cell populations during
early development including haemangioblast, angioblastic, and
endothelial precursor populations (Kubo et al., 2005; Rodriguez
et al., 2001; Thomas et al., 1998). Flow cytometry analysis for
the hematopoietic marker CD45 and endothelial marker CD31
showed that our activin-treated cultures do not contain signifi-
cant numbers of these cells (Figure S1A), although the HRS cells
can support hematopoietic differentiation (Figure 2C). Using
a Sox-1 GFP reporter ESC line, we also confirmed that our
cultures do not contain neuroectodermal cells (Figure S1B).
Isolation of Putative ADE Cells
from Differentiating ESCs
In addition to marking early ADE specification, Hex is also ex-
pressed in the AVE. To distinguish ADE from AVE, we used the
chemokine receptor Cxcr4 that is expressed in definitive meso-
derm and endoderm populations but excluded from all yolk sac
visceral endoderm (McGrath et al., 1999; Yasunaga et al., 2005).
Optimization of media, additives, and cell density (summarized in
Tables S2 and Table S3) identified a regimen in which ESCs
cultured in suspension for 2 days and then 5 days serum-free
in the presence of activin and EGF yielded significant numbers
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(A) HRS and E14Tg2a (parental) ESCs cultured in serum containing media for 2 days followed by N2B27 plus or minus activin for 5 days. Percentages of
RS-expressing cells are indicated.
(B) Semiquantitative RT-PCR for a range of markers associated with endoderm (Sox17, Cer1, Ecadherin, Gata4), mesoderm (Tbra, Mixl1, Meox1, Gata1), ecto-
derm (Zic1), and parietal endoderm (Sox7) on RS-positive and RS-negative cell fractions sorted by flow cytometry. Samples were first analyzed by quantitative
RT-PCR for b-actin expression and normalized accordingly.
(C) HRS and E14Tg2a ESCs cultured in early hematopoietic progenitor-inducing conditions. Percentages of RS-expressing cells are indicated.
(D) Induction of H+C+ cells. Flow cytometry for RS and Cxcr4 (FITC) on day 7 cells differentiated as in 2A with the addition of activin and EGF at an optimized cell
density.of RS/Cxcr4 double-positive (H+C+) cells as assessed by flow
cytometry (Figure 2D). As might be expected, antagonists of
ADE specification in vivo, Bmp4 and retinoic acid, blocked the
induction of the RS+ population (Table S2) without effecting
Cxcr4 induction (data not shown).
Differentiating ESC Cultures Have a Gene Expression
Profile Similar to ADE
To assess whether our differentiating ESC cultures display
a gene expression pattern similar to that observed during ADE
induction, we examined a range of markers during a time course
(Figure 3A). Epiblast markers, Oct4 (Pou5f1), Nodal, and E-cad-
herin were expressed during the early phase of in vitro differen-
tiation and then downregulated concurrent with the expression
of the early primitive streak markers Wnt3 and Brachyury
(Tbra). Mixer-like 1 (Mixl1), Goosecoid (Gsc), and Foxa2, which
define the streak region and prospective axial mesendoderm
(notochord, prechordal plate, and ADE), began to be expressed
at day 3, and peaked at day 5–6. Importantly, genes expressed in
the ADE, Cerberus 1 homolog (Cer1), Hex, and Sox17 appeared
between days 5 and 7 in our cultures. Although Mixl1 and Wnts
have been implicated in endoderm induction (Hart et al., 2002;
Lickert et al., 2002), they are not expressed in definitive endo-
derm. In our culture conditions, these markers are significantly
expressed from day 3–5 and are then downregulated concor-
dant with the emergence of markers of ADE. Thus, the dynamic
pattern of expression evident in our differentiating ESC cultures
is similar to that during ADE specification in vivo. Furthermore,
Cxcr4 and Hex protein is present from days 4 and 5, respectively
(Figures 3A–3C), consistent with the expression of these markers
in vivo (McGrath et al., 1999; Yasunaga et al., 2005; Yusuf et al.,
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may represent noncommitted mesendoderm or a mixture of me-
soderm and endoderm precursors, whereas the H+C+ popula-
tion is committed ADE. The sequential expression of a number
of markers observed in Figure 3A is also consistent with differen-
tiation toward ADE rather than AVE.
Isolation and Analysis of Hex+Cxcr4+ Cells Confirm
Their Similarity to ADE
Differentiating cultures were sorted into four populations based
on RS (H) and Cxcr4 (C) protein levels and profiled by quantita-
tive RT-PCR, microarrays, and immunomarkers.
Levels of both Hex and Cxcr4 mRNA were highest in the H+C+
cell fraction, confirming the success of cell sorting. Surprisingly,
we found that the transcript level of Hex in the H+C and HC+
populations were very similar and significantly less than the H+C+
population (Figure 4A). This may reflect the time lag between the
production of Hex transcript and the presence of RS protein.
The H+C+ cell population expressed the highest levels of E-cad-
herin, Cxcr4, Cer1, and Hex transcript (Figure 4A), all of which are
expressed in the ADE. Importantly, the expression of markers
Tbra, Wnt3, and Mixl1 that are associated with the early primitive
streak, but not the ADE, were low in the H+C+ population. Markers
of posterior endoderm (Cdx2), paraxial mesoderm (Meox1), and
parietal endoderm (Sox7) were only detected at very low levels
during differentiation and barely detectable in the H+C+ cell
population (Figure 4A). In accordance with the PCR data, immu-
nostaining showed almost all of the H+C+ cells to express the
ADE marker Cer1 and the definitive endoderm markers Foxa2
and E-cadherin, but not the ESC marker Oct4 (Figure 4B).
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Anterior Endoderm from ESCsFigure 3. In Vitro Differentiating Cell Cultures Produce a Gene Expression Dynamic Similar to that Observed during ADE Induction In Vivo
(A) Gene expression analysis during differentiation by quantitative real-time RT-PCR. The x axis represents the time in days when RNA was collected (time point
0 = ESCs). The y axis represents relative expression calculated by normalizing the transcript number by the b-actin transcript number. Values represent the mean
of two independent experiments. Error bars represent the standard deviation.
(B) Analysis of RS and CXCR4 expression by flow cytometry from day 0 to day 7 of differentiation. The percentages of the four cell fractions are indicated.
(C) RS expression in differentiating cell aggregates. Images captured using a 103 objective.Microarray analysis of the four Hex/Cxcr4 cell fractions sorted
from day 7 differentiated cultures showed that these fractions
cluster close to each other and not to the samples derived from
undifferentiated ESC cultures (Figure 4C). The close clustering
of the two ESC lines to each other indicates there is little differ-
ence in gene expression in HexRS heterozygote and wild-type
ESCs. Of the differentiated populations, the H+C+ population is
most closely related to the HC+ population, consistent with the
view that the H+C+ ADE cells arises from the HC+ mesendoder-mal cell population. Hierarchical clustering of the differentially ex-
pressed genes identified in a pairwise analysis of all four popula-
tions is shown in Figure 4D. This analysis supports the expression
analysis in Figure 4A and gives a clear indication of the unique sig-
nature of the H+C+ fraction, which expresses a significant number
of ADE markers such as Cer1, Frizzled 5, Lhx1 (Lim1), Otx2, and
a number of previously unidentified gene products. Quantitative
RT-PCR validation supports the identity of this expression cluster
as unique to the H+C+ fraction (Figure 4E). We conclude from
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(A) Quantitative real-time RT-PCR. RNA was prepared from the four cell fractions sorted by flow cytometry following 7 days of differentiation. The differentiation
conditions were the same as in Figure 2D. The y axis represents relative expression calculated by normalizing the transcript number to the b-actin transcript
number. Values represent the mean from two independent experiments. Error bars represent standard deviations. Purity checks on these populations were
typically greater than 96% for the H+C+ and HC+ populations and 91%–93% for the H+C and HC populations. RT-PCR values for cells prior to sorting
(PS) and ESCs (ES) are included for reference.
(B) Immunostaining on ADE-differentiated cells. The four cell fractions were sorted by flow cytometry following 7 days of differentiation. Cells were immunostained
by anti-Cer1 (green), anti-Foxa2 (red), anti-Oct4 (green), and anti-Ecadherin (green). Nuclei were stained with DAPI (blue). Images captured by using a
203 objective.
(C) Gene expression profiling of Hex (RS) and CXCR4 sorted cell populations. Cluster dendrogram showing the relationships between the different cell popula-
tions and ESCs. Clustered normalized data using the 1 Pearson’s correlation coefficient as a measure of similarity. A = H+C+, B = H+C, C = HC+, D = HC,
ES = HexRS ESCs, E14 = E14Tg2a wild-type ESCs. The figure indicates that the H+C+ fraction is most closely related to the HC+ and all four fractions are closer to
each other than any fraction is to ESCs.
(D) Hierarchical clustering of the differentially expressed genes identified in a pairwise analysis of populations A, B, C and D (see the Experimental Procedures).
Based on the observations in (C), this comparison is made in the absence of the ESC data set. Red bars indicate expression cluster.
(E) Quantitative real-time RT-PCR of genes differentially expressed in the ADE-like fraction by micorarray analysis. RNA was prepared from the four Hex/Cxcr4
cell fractions sorted by flow cytometry following 7 days of differentiation. The differentiation conditions were the same as Figure 2D. RT-PCR values for cells
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of anterior markers, normally expressed in the ADE.
Differentiation Potential of ESC-Derived ADE
Since both pancreas and liver arise from ADE, we tested the
hepatic potential of the H+C+ population using a method adapted
from Gouon-Evans et al. (2006), which involves up to 13 addi-
tional days of hepatocyte differentiation (total culture period
20 days). By day 12, AFP-positive hepatoblasts were apparent
in the H+C+ cell fraction, and while some AFP expression was
observed in all four fractions, it was significantly higher in the
double-positive fraction (Figure 5C). No AFP-positive cells
prior to sorting (PS) and ESCs (ES) are included for reference. The y axis represents relative expression calculated by normalizing the transcript number to
the TATA-box-binding protein (TBP) transcript number. Values represent the mean from three independent experiments. Error bars represent standard
deviations.
Figure 5. ADE Cell Cultures Can Be Further Differentiated toward Mature Endodermal Lineages In Vitro and In Vivo
(A) Induction of hepatocytes. Day 7 differentiated cultures were sorted into four cell fractions and plated into hepatocyte-inducing conditions as aggregates for 2
days. At this time point, RS protein was only observed in the H+C+ and H+C cell aggregates. White numbers shown on panels represent the percentage of Hex-
positive cells present in these cultures as measured by flow cytometry. Images captured using a 103 objective.
(B) Quantitative real-time RT-PCR for genes expressed at day 9 of the total culture period. Expression levels are represented as a percentage of that
achieved in cells derived from the H+C+ fraction. Values are based on relative expression calculated by normalizing the transcript number to the TBP
transcript number. Analysis was done in duplicate, and error bars represent the standard deviation.
(C) Hepatocyte cell outgrowths on day 12 of total culture period. Cells were immunostained with anti-albumin (green), anti-AFP (red), and nuclei stained with
DAPI (blue). A few albumin-positive cells were observed in the H+C+ and H+C samples, and these samples contained the highest percentage of AFP-positive
cells. Images were captured using a 103 objective.
(D) Hepatocyte cultures on day 20 of the total culture period. Many albumin-positive cells can be observed in the H+C+ cultures. Images captured using a 103
objective.
(E) Capacity for cardiomyocyte induction. Quantification of beating foci. Data represent the average of four independent wells and error bars the standard de-
viation. Cells were differentiated as in (C) and (D).
(F) Induction of pancreatic progenitors. Day 7 differentiated cultures were sorted into four cell fractions and plated in pancreatic progenitor inducing conditions
for 5 days (see the Experimental Procedures). Cells were immunostained with anti-Pdx1 (green) and anti-HNF4a (red) and nuclei stained with DAPI (blue). The
H+C+ fraction was both quantitatively and qualitatively more efficient at generating Pdx1/HNF4a clusters. Nine Pdx1/HNF4a were obtained from the H+C+ cul-
tures, four from HC+ cultures, one from HC cultures, and none from the HC+ cultures. Images captured using a 203 objective.
(G) Analysis of sorted cell populations in kidney capsule explants. Sections of growths were stained with PAS and counterstained with hematoxylin and eosin.
Gut-like epithelial structures containing PAS-positive secretory granules (deep red, black arrowheads) were present in H+C+ and H+C growths. Cartilage (black
arrow) was observed in the HC+ growths. Images captured using a 203 objective.Cell Stem Cell 3, 402–415, October 9, 2008 ª2008 Elsevier Inc. 407
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tions (data not shown). This trend was already apparent at the
RNA level from day 9, where the H+C+ fraction expressed at least
3- to 4-fold higher levels of Krt19, albumin, AFP, Hnf6, and Foxa2
transcript than any of the other fractions (Figure 5B). The pattern
of Hex expression during the differentiation period is also consis-
tent with its later expression in the liver primordia (Thomas et al.,
1998; Figure 1C) with RS protein detected at day 9 in forming
hepatocytes but only in the H+C+ and weakly in H+C sorted cells
(Figure 5A). Flow cytometry at this stage of differentiation also
supports the quantitative capacity of the H+C+ fraction to differ-
entiate toward liver, as 62% of the early hepatocyte cultures
resulting from H+C+-sorted cells were Hex positive, whereas
only 11% of the HC+ population was weakly fluorescent (Fig-
ure 5A). By day 20, AFP expression was reduced and the number
of albumin-positive cells had increased significantly in the H+C+
population, reflecting the maturation of hepatoblasts to hepato-
cytes (Figure 5D). At this stage, albumin expression was not
detected in the other fractions (data not shown). On the contrary,
under these conditions large numbers of cardiomyocytes were
observed in HC+ and double-negative fractions (Figure 5E).
Taken together, these results suggest H+C+ fraction contains
lineage-restricted endodermal progenitors.
To examine the pancreatic potential of the sorted cell popula-
tions, we cultured them with cytokines implicated in pancreatic
specification (Hebrok et al., 1998; Kumar et al., 2003): retinoic
acid, FGF4, and the sonic hedgehog inhibitor cyclopamine.
H+C+-sorted cells generated clusters expressing markers of
the emerging pancreatic buds, Pdx1 and Hnf4a with the highest
efficiency, indicating their pancreatic differentiation potential
in vitro (Figure 5F). In contrast, H+C fractions did not give rise
to coexpressing clusters. Limited potential was detected from
the HC+ and HC fractions with 2- and 9-fold reduced cluster
number, respectively, and reduced Pdx1 and Hnf4a immunos-
taining intensity for both (Figure 5F, HC data not shown),
presumably reflecting some ability of noncommitted cells to gen-
erate ADE upon further culture. Using undifferentiated ESCs as
a starting population for this 5-day protocol did not generate
any Pdx1- or Hnf4a-positive cells (data not shown). When this
protocol was repeated substituting FGF10 for FGF4 based on
a human ESC differentiation protocol described by D’Amour
et al. (2006), a similar (3-fold) quantitative enhancement in cluster
formation in the H+C+ fraction was obtained (data not shown).
To evaluate the in vivo potency exhibited by cells in each H/C
fraction, they were sorted at day 7 of differentiation and immedi-
ately transplanted under the kidney capsule of adult mice. Nine
transplants were performed for each sorted fraction. The HC
transplants gave rise to large teratomas (five out of nine), indicat-
ing these fractions still contained some ESCs. In contrast, noteratomas were generated from the H+C+ transplants. The
H+C+ cells in one animal (one out of nine) gave rise to a small
growth that contained endodermal derivatives indicated by the
presence of ductal epithelial structures containing PAS positive
secretory granules (Figure 5G). Similar epithelial structures
were observed in the growths from the HC+ grafts (four out of
nine) and H+C grafts (three out of nine). The HC+ transplants
were the only ones (excluding the HC teratomas) that con-
tained cartilage (Figure 5G), consistent with the notion that this
fraction still contains cells competent to generate both meso-
derm and endoderm.
Expansion Potential of ESC-Derived ADE
During the early phase of further ADE differentiation, we noticed
that purified H+C+ ADE proliferated in the presence of FGF2,
BMP4, and VEGF. To test whether these conditions could be
used to expand H+C+ ADE progenitors, the four H/C fractions
purified by flow cytometry were plated in defined media incorpo-
rating these cytokines. All four populations were seeded at
approximately 10% confluence and the growth of the red popu-
lation observed over time. Initially all four population were able to
grow, but only the H+C+ fraction contained significant numbers of
Hex-positive cells (Figure 6A). While these cultures were not
homogeneous, the H+C+ fractions were able to give rise to Hex-
positive colonies upon repeated passaging (Figure 6B), and the
percentage of Hex-positive cells in these cultures expanded
over time, reaching as high as 96% (Figure S2). Cultures were
routinely split 1:2 or 1:3 (see the Experimental Procedures) for
eight passages to generate cultures that were a minimum of
90% Hex positive by passage seven. Based on these figures,
this constituted a 1944-fold expansion of putative ADE. In con-
trast, cells from the other three fractions (H+C, HC+, and
HC) were unable to survive multiple passages. To confirm
the identity of cultured H+C+ cells, we examined the expression
of the endoderm markers Foxa2 and E-cadherin, the ADE marker
Cer1, and ESC marker Oct4 at passage five. The majority of cells
within these cultures expressed Cer1, Foxa2, and E-cadherin,
but not Oct4 (Figure 6C), indicating these cells represent a form
of ADE progenitor. To confirm that these cultures were predom-
inantly ADE, we quantitated the percentage of cells expressing
these markers and found that 79% (±1.4) expressed Cer1, 71%
(±14) expressed Hex, and 54% (±2.8%) expressed E-cadherin.
Moreover, quantitation of the DAPI staining shown in Figure 6
and similar images indicated that the E-cadherin-expressing
fraction contained greater than 3-fold more mitotic nuclei than
E-cadherin-negative fraction, supporting the notion that the en-
dodermal progenitors in these cultures are the major proliferating
cell type.Figure 6. Expansion of ADE-like Progenitors Purified from Differentiating ESC Culture
(A) Flow cytometry purified fractions from differentiating ESC cultures plated and grown on gelatin for 12 days. The images are overlays of phase contrast and red
fluorescence. Images captured with 103 objective.
(B) Images of colonies and cells growing in culture from the double-positive H+C+ fraction. Images captured using the following objectives: top left, 203; bottom
left, 103; top right, 203; bottom right, 403. Passage numbers (P) are as indicated.
(C) Immunostaining of H+C+ cells in culture for five passages compared to ESC controls. Cells were immunostained with anti-Foxa2 (red), anti-Cer1 (green),
anti-Oct4 (red), and anti-E-cadherin (green) and nuclei stained with DAPI (blue).
(D) Immunostaining of passage seven H+C+ cultures challenged to further differentiate toward pancreatic or hepatic fates compared to ESC controls. (Top panel)
Cells were immunostained with anti-Nkx2.2 (red), anti-Pdx1 (green), and nuclei stained with DAPI (blue). (Bottom panel) Cells were immunostained with anti-
albumin (green), anti-AFP (red), and nuclei stained with DAPI (blue). All images in (C) and (D) captured using a 103 objective.
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entiate toward hepatic and pancreatic cell types was tested as
described above. Pancreatic differentiation produced clusters
of Nkx2.2 and Pdx1-expressing cells (Figure 6D), whereas he-
patic differentiation resulted in fields of cells with the morphology
of immature hepatocytes expressing both AFP and albumin
(Figure 6D).
Taken together, these results indicate that while the overall dif-
ferentiation efficiency of ESCs to ADE using our strategy may not
exceed 20% of the total culture, the ability to sort these ADE cells
and expand and maintain them as progenitors greatly enhances
the utility of our approach.
Defined Conditions for ADE Induction in Adherent
Monolayer Suggest Roles for FGF Signaling
Mechanistic studies on lineage specification in the mesendo-
derm require defined serum-free conditions and would benefit
from an adherent monolayer culture system. As ADE specifica-
tion in vivo occurs during a series of complex morphogenetic
movements, it is possible that differentiation cannot be un-
coupled from the multicellular interactions present within an
embryoid body. Mesendoderm induction in the absence of
positional specification has been reported using the serum-
free media SF03 in an adherent monolayer culture system
(Tada et al., 2005). Initial attempts to culture HexRS cells in
SF03 and activin, both as aggregates and in monolayer, did
not yield sufficient number of viable cells for in vitro culture of
ADE (Table S4).
Given our results with N2B27 media (Figures 2A and 2D), we
tried various permutations of N2B27, SF03, and growth factors
(Table S4). Following extensive optimization, we found that a
significant H+C+ cell population could be induced in both sus-
pension culture and monolayer following a two-step serum-
free differentiation protocol. Cells cultured in N2B27 with activin
and Bmp4 for 2 days and then switched to SF03 with activin and
EGF for 5 days gave the overall highest yield of H+C+ cells in both
suspension and monolayer (Tables S4 and S5).
As we were able to obtain H+C+-positive populations in adher-
ent monolayer culture under defined conditions, albeit at lowerefficiency than aggregation differentiation (6% versus 13%),
this afforded the possibility of identifying additional determi-
nants. A requirement for FGF signaling for transitions between
ESCs and early states of differentiation in multiple lineages has
recently been shown (Kunath et al., 2007; Stavridis et al.,
2007). We tested whether the addition of FGF4 would improve
our monolayer differentiation protocol. Inclusion of FGF4
doubled the H+C+ cell number in monolayer cultures (Figure 7A
and Table S6). The HexRS-expressing cells appeared to cluster,
forming colony-like growths as shown in Figure 7B. This protocol
was repeated on wild-type E14Tg2a ESCs and resulted in
colonies with similar morphology that contained the same
percentages of Cxcr4 single-positive cells, indicating its poten-
tial for producing ADE from genetically unmodified ESCs
(Figure 7A).
A requirement for FGF signaling during ADE specification was
surprising, as FGF signaling has been shown to mediate meso-
derm, but not endoderm induction (reviewed in Bottcher and
Niehrs, 2005). To determine whether signaling downstream of
FGF was required for the differentiation of ESCs to ADE, we
used a selective inhibitor of the FGF receptor, PD173074 (Mo-
hammadi et al., 1998). When PD173074 was present for the first
2 days of differentiation but then removed, we observed a re-
duced number of both C+ and H+C+ cells (Figure 7A and Table
S6). However, when PD173074 was present for the entire proto-
col, we were unable to generate either population. Interestingly,
when FGF signaling is blocked for days 3–7, it resulted in a com-
plete loss of both H+C+ and C+ populations, altered morphol-
ogies, and dramatically compromised cell viability (Figure 7B).
Similar results were obtained with a second FGF inhibitor,
SU5402 (Mohammadi et al., 1997) (Figure S3).
Despite an overall requirement for FGF signaling in differentia-
tion toward mesoderm and endoderm, the addition of FGF4
appeared to promote specifically H+C+ double-positive ADE
(Figure 7A). Thus, rather than promoting overall levels of differen-
tiation toward both mesoderm and endoderm lineages, the addi-
tion of exogenous FGF4 to these cultures led to the induction of
anterior markers Cer1 and Gsc and increased the expression of
Foxa2 and Sox17 (Figures 7C and 7D) while suppressing levelsFigure 7. Defining the Requirements for ADE Induction in Chemically Defined Serum-free Culture Conditions Reveals a Requirement for FGF
Signaling
(A) Flow cytometry of HexRS and E14Tg2a ESCs differentiated in monolayer culture. All differentiation was carried out in N2B27 plus activin and Bmp4 for 2 days,
followed by 4–5 days in SF03 plus activin and EGF. FGF4 or the FGF antagonist, PD173074, was added as indicated. Flow cytometry was used to quantitate the
size of the H+C+ fraction on day 6.
(B) Fluorescence images of cell morphology. Cells were cultured as above with FGF4 or the FGF antagonist PD173074 as indicated. Images captured using a 203
objective on day 6.
(C) Immunostaining showing the expression of anterior mesendoderm markers in response to FGF4 in defined monolayer culture. Differentiation was carried out
in the presence or absence of FGF4 as indicated by +FGF. Nuclei were stained with DAPI (blue); Cer1 and Oct4 are green; and Sox17, Foxa2, and Gsc are red.
Images captured using a 103 objective on cultures stained on day 5.
(D) Real-time quantitative PCR from day 0 to day 7 of serum-free differentiation showing gene expression changes in response to FGF4. The x axis represents the
time in days at which the RNA was collected (time point 0 = ESCs), and the y axis represents relative expression calculated by normalizing the transcript number to
the TBP transcript number.
(E) Time course for FGF addition. (Left panel) Phase contrast and fluorescent images of cultures differentiated in monolayer with FGF added for the indicated
times. Images captured with a 103 objective on day 6. (Right panel) Bar graph indicating the percentage H+C+ obtained in these experiments as determined
by flow cytometry for the same day. Error bars represent the standard deviation in two independent cultures.
(F) Optimal levels of H+C+ induction correlate with peak levels of ADE gene expression (Cer1) and reduced mesodermal gene expression (Meox). Real-time quan-
titative PCR indicating the relative level of transcription of a representative set of markers in response to different periods of exposure to FGF4 in monolayer cul-
ture. The x axis represents the time window during differentiation over which cells were exposed to FGF4, and the y axis represents relative expression calculated
by normalizing the transcript number by to the TBP transcript number. RNA was collected at day 6. Analysis was done in duplicate, and error bars represent the
standard deviation.
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(Figure 7D).
The action of FGF on the initial formation of ESC-derived ADE
is also reflected in the optimal timing of FGF addition. Figure 7E
shows that when FGF4 is added solely during the second phase
of differentiation, we obtain up to 20% H+C+ ADE. Interestingly,
when exogenous FGF4 was added only between days 3 and 4,
the time window in which these cultures have neither mesoder-
mal nor endodermal identity, there was a significant effect on
the production of ADE (Figures 7E and 7F). We also tested
FGF2, -5, -8b, and -10 for activity in this protocol and found
that only FGF2 had a similar ability to promote H+C+ ADE
(Figure S3).
DISCUSSION
In this paper we have described the production of a defined
population of ADE cells from ESCs. This represents the first der-
ivation and purification of endoderm with specific A-P properties
in vitro. We have demonstrated increased potency of these cells
to differentiate toward liver and pancreas and identified a condi-
tion in which Hex-expressing ADE-like progenitors can be
propagated in culture. Through our efforts to establish defined
conditions for ADE specification, we have uncovered a role for
FGF signaling in endoderm differentiation.
Previously reported mesendoderm induction protocols em-
ployed markers normally expressed in either the node (Gsc) or
primitive streak (Tbra). Refinements to these approaches have
involved a second marker believed to represent a more defined
lineage such as Foxa2, a panaxial mesendoderm marker, or
Sox17, a transient marker of all endoderm (Kanai-Azuma et al.,
2002). Despite these refinements, the resulting population still
lacks any A-P identity. By using the HexRS reporter cell line in
conjunction with Cxcr4, we have been able to purify an in vitro
equivalent to ADE. This cell fraction appears to be ADE as judged
by the following criteria: first, the sequence of gene expression in
our ESC cultures mirrors that which occurs during definitive
endoderm differentiation in vivo. Second, the H+C+ cells express
high levels of ADE markers and very low levels of markers of the
primitive streak, mesoderm, and ESCs. Third, these cells have
the greatest capacity to differentiate further toward derivatives
of the ADE, liver, and pancreas. Thus, the ability to identify and
purify ESC-derived ADE is an important platform for accurate
recapitulation of in vivo differentiation.
We have also managed to couple the ability to generate
ESC-derived ADE with the capacity to expand this population
in vitro. While this population is not entirely homogeneous, it
appears to contain very high levels of anterior endoderm in
the form of Hex- and Cer1-expressing populations (between
70% and 90%), indicating the exciting possibility that our
culture system may ultimately afford the generation of self-
renewing lineage restricted anterior endoderm progenitor cell
lines. Nonetheless, the ability to grow and expand sorted
ADE cells as an endodermal progenitor population greatly
enhances the utility of ES-derived ADE as a platform for further
differentiation.
During the development of monolayer differentiation toward
ADE, we observed an interesting dependence on BMP4 and
activin for cell survival and/or proliferation in the serum-free
412 Cell Stem Cell 3, 402–415, October 9, 2008 ª2008 Elsevier Inc.differentiating cultures (Table S5). As this particular requirement
appears limited to the early phase of differentiation, we believe
this activity to be related to the requirement for these pathways
in epiblast growth. Both Nodal (Camus et al., 2006; Mesnard
et al., 2006) and BMP (Di-Gregorio et al., 2007) signaling have
recently been shown to be required for the development and
growth of the primitive ectoderm.
We were initially surprised to discover that FGF signaling
promoted ADE production from ESCs, since FGF signaling is typ-
ically associated with mesoderm induction and cell migration
during gastrulation (Casey et al., 1998; Ciruna and Rossant,
2001; Mizoguchi et al., 2006; Poulain et al., 2006; Rodaway
et al., 1999). In lower vertebrates, FGF signaling has also been
shown to enhance mesoderm differentiation while suppressing
endoderm, and this view has also been supported by analysis
of the FGFR1 mutant mouse embryos (Deng et al., 1994; Yama-
guchi et al., 1994). However, there is also evidence to support
a role for FGF signaling in the specification of anterior mesendo-
derm, as FGFR1/ ESCs are unable to contribute to the
endoderm (Ciruna et al., 1997). Previously this defect had been
attributed to an inability of the FGFR1/ ESCs to traverse the
primitive streak and participate in gastrulation movements.
However, our demonstration that FGF signaling can potentiate
anterior endoderm differentiation in defined monolayer culture
suggests these observations reflect a more fundamental require-
ment for FGF signaling in the specification of the anteriormost
gastrulating tissue in embryogenesis. This role might be medi-
ated through direct induction of ADE target genes or alternatively
through selective cell survival and/or proliferation.
Our ability to produce ADE cells in a chemically defined,
monolayer culture system represents a significant step toward
the uncoupling of lineage specification from the complex
morphogenetic movements and context-dependent positional
cues that occur in vivo during gastrulation. It also represents
an important intermediate step in the in vitro generation of
mature cell lineages from foregut endoderm.
EXPERIMENTAL PROCEDURES
Gene Targeting and Production of the HexRS Mouse Line
The 50 and 30 targeting arms used for homologous recombination were
described by Martinez Barbera et al. (2000) with an Asc1 and Pac1 site engi-
neered downstream of the Hex ATG (a gift from Shankar Shrinivas). The RS
gene was linked via an internal ribosome entry site (IRES) to the gene encoding
blasticidin resistance (BSD) followed by a cytomegalovirus promoter-driven
hygromycin resistance-thymidine kinase dual selection cassette flanked by
loxP sites. This cassette was fused in frame with the ATG of Hex. Following
electroporation into E14Tg2a ESCs correctly targeted clones were expanded
and characterized by Southern blot. The selection cassette was excised from
three clones, and two of them, HexRS1 and HexRS2, were selected for further
analysis. The ESC line HexRS1 was injected into blastocysts to generate the
HexRS mouse line. Mice were maintained on a mixed 129Ola 3 C57Bl/6
background.
Culture and Differentiation of ESCs
Mouse ESCs were cultured according to Li et al. (1995). ADE was induced
under serum-containing conditions using a two-step protocol. ESCs were
seeded onto noncoated 10 cm petri dishes (Sterilin) at a density of 5 3 103
cells/ml in GMEM supplemented as described in Li et al. (1995) except in
the absence of LIF. EBs were harvested after 2 days by centrifugation and
replated in N2B27 medium (Stem Cell Sciences) supplemented with 20 ng/ml
activin A (R & D) and 20 ng/ml EGF (R & D). This media was replaced again
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trans retinoic acid (Sigma) were added where indicated.
For ADE induction under serum-free conditions in suspension culture, ESCs
were seeded as above in N2B27 medium supplemented with 10 ng/ml BMP4
and 20 ng/ml activin A. Following 2 days of culture, EBs were harvested and
cultured as above in SF03 medium (Iwai Chemicals Company) supplemented
with 0.1 mM 2-mercaptoethanol (2ME), 0.1% BSA (Invitrogen), 20 ng/ml activin
A, and 20 ng/ml EGF. FGF4 (10 ng/ml) (R & D), 10 ng/ml Bmp4, 20 ng/ml activin
A, and 10 mM all-trans retinoic acid were added as indicated. For ADE induc-
tion in adherent monolayer culture, ESCs were seeded onto gelatin coated
6-well dishes (Iwaki) at a density of 1 3 104 cells/ml in N2B27 medium (Stem
Cell Sciences) supplemented with 10 ng/ml Bmp4, 20 ng/ml activin A, and,
where indicated, 10 ng/ml FGF4. Following 2 days of culture, the media was
replaced with SF03 medium supplemented with 0.1 mM 2ME, 0.1%BSA (Invi-
trogen), 20 ng/ml activin A, 10 ng/ml FGF4, and 20 ng/ml EGF. The media was
replaced every 2 days for the duration of the experiment. PD173074 (100 ng/
ml) (Sigma) or 25 mM SU5402 (Calbiochem) was added to the culture as
indicated. FGF2, -5, -8b, and -10 (R & D) were used at 10 ng/ml.
For the induction of pancreatic progenitor cells, sorted cell fractions were
seeded onto gelatin-coated 3 cm 6-well dishes (Iwaki) at 2.5 3 105 cells/ml
in N2B27 media supplemented with 10 ng/ml FGF4, 2 mM all-trans retinoic
acid, and 0.25 mM KAAD-cyclopamine (Toronto Research Chemicals). Hepa-
tocyte differentiation was as described in Gouon-Evans et al. (2006), except
N2B27 was used as the base media at all stages and activin was not included,
while BMP4, FGF2, and VEGF were. Induction of hematopoietic precursors
was described by Kennedy and Keller (2003).
For expansion of sorted cell fractions, day 7 purified fractions were plated on
gelatin in 24-well plates (Iwaki) in N2B27 medium supplemented with 0.5 mM
ascorbic acid, 450 mM monothioglycerol (MTG), 50 ng/ml BMP4, 10 ng/ml
FGF2 (R & D), and 10 ng/ml VEGF. Cells (2.5 3 105) were plated into each
well, of which 10% appeared to be viable and adherent after 24 hr. These
cultures were expanded until confluence (approximately 14 days), and all sub-
sequent passaging was done approximately every 7 days using trypsin-EDTA
(Sigma), splitting either 1:2 or 1:3. RS fluorescence was observed daily by
microscopy. Quantitation of HexRS-expressing and antibody-positive cells
was done using fluorescent, phase, and, in the case of antibodies, DAPI
overlays using Velocity 4.32 software (Improvision). Quantitation of the fold
expansion was based on a 10-fold increase in cell number during the first
passage multiplied by the split achieved at each passage to P7, a total of
216-fold. Cells were further differentiated as described above, except they
were pretreated for 24 hr in the above media supplemented with 20 ng/ml
activin A.
Flow Cytometry and Cell Sorting
FITC-conjugated rat anti-CD184 (Cxcr4), FITC-conjugated rat anti-CD31, and
FITC-conjugated rat anti-CD45 were purchased from BD PharMingen. Cells
were stained with Topro3-iodide (Invitrogen) to exclude dead cells from the
analysis. Cells were analyzed using a FACS Calibur (BD Biosciences) or sorted
using a MoFlo MLS flow cytometer (DakoCytomation).
Gene Expression Analysis
Total RNA was prepared from a minimum of 1 3 104 cells using Trizol reagent
(Invitrogen). RNA (1 mg) was used as a template for cDNA synthesis using Su-
perscript III (Invitrogen). Real-time RT-PCR was performed using a LightCycler
480 (Roche) and LightCycler 480 SYBR Green 1 Master (Roche). Primers and
PCR conditions are listed in Table S7.
Immunostaining
Sorted cells were seeded onto gelatin coated 24-well dishes (Iwaki). Adher-
ence of cells was enhanced by centrifugation at 1200 rpm for 3 min. Sorted
cells, monolayer differentiated cells, and ESCs were washed in PBS; fixed in
4% paraformaldehyde (PFA) for 10 min; and permeabilized by washing in
PBS supplemented with 0.1% Triton X (PBST). The following primary anti-
bodies were used: anti-Oct3/4, anti-Foxa2, anti-HNF-4a (Santa Cruz), anti-
Cer1 (R & D), anti-Gsc (Santa Cruz), anti Sox17 (Santa Cruz), anti-E-cadherin
(Takara Bio Inc), anti-a fetoprotein (NeoMarkers), anti-albumin (Bethyl Labora-
tories, Inc.), and anti-Nkx 2.2 (Santa Cruz). Anti-Pdx1 was a gift from P. SerupCor purchased from Santa Cruz. Alexa 488 and 568 (Molecular Probes) second-
ary antibodies were used.
Kidney Capsule Transplantations
Cells were sorted at day 7 and approximately 5–10 3 104 cells of each popu-
lation were transplanted under the kidney capsule of adult 129 mice. Four to
eight weeks after transplantation, surviving mice were sacrificed and the
kidneys removed and fixed in 4% PFA. Following fixation, the kidneys were
embedded in paraffin wax, sectioned, and stained with hematoxylin and eosin
and PAS reagent (Sigma).
DNA Microarray Analysis
RNA was prepared from three independent experiments. Two micrograms
was used to prepare a probe for hybridization to the Illumina Mouse-6-v1
Beadchip and the data deposited at Array Express (accession number
E-TABM-515). The data were filtered so that any probe with a detection score
<0.95 across all samples was removed from the analysis prior to log transfor-
mation (base2) and quantile normalization. Initial inspection of the data sug-
gested the samples clustered loosely according to when they were processed;
therefore, a model-based analysis was used. Differentially expressed probes
were identified using LIMMA (Smyth, 2004) modeling the sample effect and
the date when the samples were processed once grouped. Data were also
analyzed in a pairwise fashion to determine significant differentials between
each of the four populations. This was used to produce a molecular signature
for the H+C+ double-positive population.
SUPPLEMENTAL DATA
The Supplemental Data include three figures and seven tables and can be
found with this article online at http://www.cellstemcell.com/cgi/content/full/
3/4/402/DC1/.
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